Mice infected with reovirus develop abnormalities in glucose homeostasis. Reovirus strain type 3 Abney (T3A) was capable of systemic infection of nonobese diabetic (NOD) mice, an experimental model of autoimmune diabetes. Reovirus antigen was detected in pancreatic islets of T3A-infected mice, and primary cultures of pancreatic islets from NOD mice supported T3A growth. Significantly fewer T3A-infected animals compared to uninfected controls developed diabetes. However, despite the alteration in diabetes penetrance, insulitis was evident in T3A-infected mice. These results suggest that viral infection of NOD mice alters autoimmune responses to ␤-cell antigens and thereby delays development of diabetes.
Type 1 diabetes mellitus is an autoimmune disease resulting in destruction of pancreatic ␤ cells. The initiating event in the process of ␤-cell destruction leading to autoimmune diabetes is not known, but current theories center on a viral, bacterial, or environmental stimulus that initiates an autoimmune process directed against ␤-cell antigens (12, 26) . Nonobese diabetic (NOD) mice are an experimental model of autoimmune diabetes (13, 25) . However, infections of NOD mice by some viruses, such as group B coxsackieviruses (CVB) (32) , encephalomyocarditis virus (8) , lactate dehydrogenase-elevating virus (29) , lymphocytic choriomeningitis virus (18) , and mouse hepatitis virus (38) , prevent the development of diabetes. These findings suggest that viral infections of NOD mice alter autoimmune responses against ␤-cell antigens, with subsequent suppression of autoimmune ␤-cell destruction.
Mammalian reoviruses are nonenveloped viruses that contain a genome of 10 double-stranded RNA segments (16) . Reoviruses replicate in the cytoplasm of host cells (16) and produce cell death by apoptosis (1, 17, 34) . Virtually all mammals serve as hosts for reovirus infection, but disease is limited to the very young (33) . Reovirus is capable of establishing persistent infections in cultured cells (2, 37) but not in immunocompetent animals (15) . Mice infected with reovirus develop endocrine abnormalities, including growth hormone deficiency (23) , hypothyroidism (19) , and diabetes mellitus (20, 23) .
After passage in primary cultures of pancreatic ␤ cells, each of the three reovirus serotypes can infect the murine pancreas (20, 22, 23) . Newborn SJL/J mice infected with reovirus develop an acute inflammatory response within pancreatic islets, and viral antigen can be detected by immunofluorescence in ␤ cells (20, 23) . Infected mice produce autoantibodies against a variety of endocrine tissues and hormones, including insulin (7, 23) . Serum insulin levels decrease, and mice develop abnormalities in glucose homeostasis. However, in most cases, these abnormalities resolve within 6 weeks postinfection. Therefore, in SJL/J mice, reovirus does not evoke a host response that leads to autoimmune diabetes.
Reovirus strain T3A can infect NOD mice. To determine whether reovirus alters the pathogenesis of autoimmune diabetes in a mouse model of the disease, we first tested whether reovirus can productively infect NOD mice. Two-day-old NOD mice, born to dams purchased from Taconic (Germantown, N.Y.), were inoculated intraperitoneally with 1 ϫ 10 5 PFU of reovirus strain type 3 Abney (T3A) in a volume of 10 l using a 30-gauge needle and a Hamilton syringe (BD Biosciences, San Jose, Calif.). Strain T3A is virulent in NIH SW mice, producing bile duct injury (39) and myocarditis (28) . At days 5, 10, 15, 20, and 25 after inoculation, NOD mice were euthanized, and brain, kidney, liver, pancreas, spleen, and thymus were collected into 1.0 ml of gelatin-saline. Organs were homogenized by three cycles of freezing (Ϫ70°C) and thawing (37°C), followed by sonication, and virus titers in tissue homogenates were determined by plaque assay using mouse L929 cells (35) . T3A was capable of infecting each of the organs examined, including the pancreas (Fig. 1A) . Virus titers in most organs peaked at 5 days after inoculation and became undetectable in all organs tested except the brain by 25 days after inoculation. These findings show that NOD mice are permissive hosts for reovirus infection.
We next used immunohistochemistry to localize reovirus antigen in the pancreas of animals infected with T3A. Two-day-old mice were inoculated intraperitoneally with 1 ϫ 10 5 PFU of T3A, and pancreatic tissue was collected 8 days after inoculation. Tissues were fixed in 10% buffered formalin, equilibrated in 70% ethanol, embedded in paraffin blocks, and sectioned using a microtome. Viral antigen was detected by using a 1:600 dilution of a polyclonal reovirus-specific antiserum (37) and an immunoperoxidase staining assay (DakoCytomation, Carpinteria, CA). Sections without primary antibody served as negative controls. Immunostaining of the pancreas from infected animals but not mock-infected controls showed viral antigen in regions that also stain for insulin and exhibit islet morphology (Fig. 1B) . Thus, T3A infects pancreatic islets of NOD mice.
To directly test whether T3A can productively infect pancreatic islet cells, primary cultures of pancreatic islets were prepared from NOD mice by collagenase treatment of pancreatic tissue (36) and infected with 10 PFU per cell of T3A. Islets prepared using this technique contain Ͻ15% acinar cells (36) (Fig. 1C) . After virus adsorption at 4°C for 1 h, the inoculum was removed, fresh medium was added, and the islets were incubated at 37°C for 0, 6, 12, 24, and 48 h. Cells were frozen and thawed three times, and virus titers in cell lysates were determined by plaque assay (35) . Yields of T3A in islet cultures were approximately 20-fold at 24 h and 100-fold at 48 h (Fig. 1D) . These findings corroborate results obtained using immunoperoxidase staining of pancreatic tissue from NOD mice infected with reovirus. Furthermore, since the majority of explanted islet cells are ␤ cells (36) , these results suggest that reovirus strain T3A infects pancreatic ␤ cells in NOD mice.
Reovirus strain T3A inhibits diabetes in infected NOD mice. To determine whether infection with T3A during the newborn period alters the development of diabetes in NOD mice, 2-dayold animals were inoculated intraperitoneally with 1 ϫ 10 5 PFU of T3A in a volume of 10 l. Control animals were inoculated with an identical volume of an equivalent dilution of a cell lysate prepared from uninfected L929 cells. Glucose homeostasis in infected and control mice was monitored for 30 weeks by weekly assessment of glycosuria, determined by dipstick analysis (Roche, Indianapolis, Ind.) of freshly voided urine. Two consecutive findings of glycosuria at a 1-week interval established the diagnosis of diabetes. Since the penetrance of diabetes in female NOD mice is significantly greater than in males (13, 25) , the analysis was restricted to females. Two experiments (I and II), spaced 1 year apart, were performed using independent groups of T3A-infected and mock- a Two-day-old NOD mice were inoculated intraperitoneally with 1 ϫ 10 5 PFU of T3A; control animals were inoculated intraperitoneally with an equivalent volume of L929 cell lysate diluted in pyrogen-free normal saline. Glucose homeostasis in infected and control mice was monitored for 30 weeks. Only female mice were included in the analysis. infected mice (Table 1) . In experiment I, 7 of 8 mock-infected animals and 3 of 14 T3A-infected animals developed diabetes during the 30-week observation period. In experiment II, 19 of 23 mock-infected animals and 11 of 17 T3A-infected animals developed diabetes during the observation interval.
We used the log rank test to compare the development of diabetes in T3A-infected NOD mice versus that in mock-infected control animals (Fig. 2) . The log rank test is a statistical method for comparing times until occurrence of an event among study groups. The null hypothesis of the log rank test is that similar event rates occur among study groups. Rejection of the null hypothesis indicates that the event rates differ among the groups at one or more time points during the study. Although the frequencies of diabetes among T3A-infected mice in the two experiments differed at the study end point, application of the log rank test indicates that, in both experiments, onset of diabetes in T3A-infected animals was significantly delayed in comparison to that in mock-infected animals (Fig. 2) . It is possible that quantitative differences in diabetes blockade between the two experimental groups resulted from changes in animal husbandry in the interval between experiments or natural variation in the susceptibility of these animals to reovirus infection (note the large standard deviations in Fig.  1A ). Interexperimental differences aside, these results indicate that infection with reovirus T3A inhibits the development of diabetes in NOD mice.
Reovirus strain T3A does not prevent insulitis in infected NOD mice. Destruction of pancreatic ␤ cells leading to diabetes results from infiltration of pancreatic islets by autoreactive CD4 ϩ T cells, which in turn recruit CD8 ϩ T cells and macrophages, a process termed insulitis (5, 6, 24) . To determine whether the delay in diabetes onset associated with T3A infection is associated with blockade of insulitis, infected and control mice that had not developed glycosuria after 30 weeks of observation were euthanized and pancreatic tissue was resected and processed for histological analysis. Insulitis was evident in pancreatic tissue sections from both infected and uninfected animals (Fig. 3) . Thus, the decrease in diabetes penetrance in NOD mice following reovirus infection is not associated with prevention of insulitis.
Reovirus and diabetes in NOD mice. In this study, we show that reovirus infection of newborn NOD mice delays the onset of overt diabetes. Infection by reovirus in the newborn period may alter autoreactive lymphocyte populations, resulting in active or passive tolerance to ␤-cell antigens. Reovirus can infect the murine thymus (21) (Fig. 1A) , and it is possible that infection at that site, or perhaps in the periphery, leads to removal of ␤-cell-specific lymphocytes. However, given that insulitis occurs in NOD mice infected with reovirus, we think it unlikely that passive tolerance alone explains the diabetes delay in these animals. Reovirus also can infect the murine pancreas (20, 22, 23) , and our results suggest that reovirus is capable of infecting pancreatic ␤ cells in NOD mice (Fig. 1B  and D) . Therefore, release of ␤-cell antigens as a by-product of reovirus infection may lead to active tolerance by induction of regulatory T cells. Of note, blockade of diabetes in NOD mice (11) . Similar to the effects of reovirus infection reported here, CVB infection of newborn NOD mice blocks the development of diabetes (32) . However, in contrast to reovirus, CVB is incapable of infecting pancreatic islets in newborn NOD mice (32) . Interestingly, CVB accelerates diabetes progression following infection of older NOD mice and is capable of infecting pancreatic islets in these animals (3) . Since the capacity of mice to support systemic infection by reovirus declines rapidly with age (14, 30) , it is not possible to determine whether reovirus infection of adult NOD mice alters diabetes onset. Even so, our findings, coupled with previous studies of CVB infections of NOD mice, suggest that the immunologic environment of newborn animals is conducive to attenuation of autoimmune ␤-cell attack following viral infection, although the precise mechanisms of this effect may differ among viruses.
It is not known whether virus-induced protection against autoimmune disease occurs in humans. However, it is noteworthy that the prevalence of type 1 diabetes is greater in more-industrialized countries with higher levels of sanitation (4, 9, 27, 40) , suggesting that viral infections in childhood, perhaps acquired in the presence of maternal antibodies (41), protect against subsequent development of diabetes. Studies of viruses that block diabetes in NOD mice will enhance an understanding of mechanisms by which viral infections alter cytotoxic responses to ␤-cell antigens and contribute new information about the pathogenesis of autoimmune diabetes. Such information may establish a framework for intervention in persons at risk for development of diabetes prior to the onset of disease.
